Introduction
Acetone is one of the most widely used polar solvents both in preparative organic chemistry and in the chemical industry. Acetone is a prototypical example of strongly dipolar but yet aprotic molecules. As a consequence, liquid acetone is characterized by rather high boiling point and dielectric constant, but by considerably lower surface tension and heat of evaporation values than hydrogen bonding liquids of similar mass. Further, as a potential Hacceptor, acetone is miscible in any ratio with water as well as other hydrogen bonding liquids, such as small alcohols. Because of its importance the properties of acetone have been investigated in detail in different systems by a variety of experimental methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , and these investigations were well complemented by numerous computer simulation studies of neat bulk liquid acetone [13] [14] [15] [16] [17] , mixtures of acetone in various proportions with water [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , with other solvents [28] [29] [30] [31] [32] [33] and solvent mixtures [34] , adsorption layer of acetone at the surface of ice [35, 36] , and aqueous acetone nanoclusters [37] .
Much less effort has, however, been expended on the investigation of the liquidvapour interface of acetone and aqueous acetone mixtures. Simulation of the latter systems was severely hindered by the fact that the first acetone model that reproduces the full miscibility with water [26] has only been proposed recently [25] . The molecular level properties of the liquid-vapour interface of neat acetone were first studied in the pioneering work of Yeh et al. both by vibrational sum frequency generation (SFG) spectroscopy and molecular dynamics computer simulation [7] . They found that the surface acetone molecules, similarly to those in the planar layers present in the crystalline phase, prefer the orientation in which the line connecting the two CH 3 groups is perpendicular to the interface [7] . In a subsequent SFG study using the polarization null angle method [38, 39] Chen et al. found a slightly different orientational preference of the acetone molecules, in which one of the C-CH 3 bonds stays perpendicular to the liquid surface [10] . The preference for this orientation was later confirmed by computer simulation [40] , although the strength of this preference was found to be considerably smaller [40] than what was assumed by Chen et al. [10] . Using bivariate orientational analysis [41, 42] in computer simulation another preferred surface orientation, in which the line joining the two CH 3 groups lays parallel with the surface and the C=O bond points flatly inward, was also detected [40] . The observed dual surface orientational preference was in a clear accordance with what was later found in the adsorption layer of acetone at the surface of ice [36] .
Both of the computer simulation studies reported on the liquid-vapour interface of neat acetone so far [7, 40] suffer, however, from the problem of inadequately locating the liquid surface itself. The problem originates from the fact that liquid surfaces are not flat on the molecular scale, but are corrugated by capillary waves, the amplitude of which being at last in the order of molecular size. Due to the presence of these capillary waves the detection of the exact position of the liquid surface, or, equivalently, the detection of the full set of molecules that are right at the liquid surface (i.e., at the boundary of the liquid and vapour phases) is not a simple task at all. On the other hand, the neglect of these capillary waves in the analysis, and the use of a slab parallel with the Gibbs dividing surface as the 'surface layer', as done in both previous simulations of the acetone surface [7, 40] and in numerous studies of other liquid surfaces, leads to the misidentification of a large set of molecules. Thus, a large number of molecules that are surrounded by like neighbours in all directions are incorrectly identified as 'interfacial' ones, and also many molecules that are at the boundary of the two phases are wrongly identified as 'non-interfacial ones' this way [43] [44] [45] [46] [47] [48] . This misidentification results in a systematic error not only in the structural properties of the interface [43] [44] [45] [46] [47] , but also in the calculated thermodynamic properties of the system studied [48] .
The need for using the real, capillary wave corrugated intrinsic surface of a liquid phase in analysing results of computer simulations was realized about a decade ago. Since then, following the pioneering work of Chacón and Tarazona [49] a number of methods that are able to locate the intrinsic surface have been proposed [43, [49] [50] [51] [52] [53] [54] [55] , among which the Identification of the Truly Interfacial Molecules (ITIM) [43] turned out to be an excellent compromise between computational cost and accuracy [54] . In the ITIM analysis spherical test particles of appropriate size are moved from the bulk opposite phase to the surface along a set of test lines perpendicular to the macroscopic plane of the surface. Each test sphere stops when it touches the first molecule of the phase of interest, and the molecules that stopped the probe along at least one test line are regarded as being at the interface (as they are 'seen' by the probe from the opposite phase) [43] .
In this paper we present a thorough analysis of the intrinsic surface of liquid acetone.
The computer simulation results are analyzed in terms of the ITIM method. To avoid any arbitrariness of the results due to the particular choice of the force field used, we repeated all the calculations using two different potential models of acetone, i.e., a four site one belonging to the TraPPE force field, which describes the CH 3 groups as united atoms [29] , and a ten site one using all-atom representation, which belongs to the CHARMM27 force field [56] . These models differ considerably in their dipole moment values: whilst the TraPPE model corresponds to the dipole moment of 2.50 D, in accordance with the majority of the acetone potentials as well as with the experimental gas phase value of 2.88 D, [57, 58] the CHARMM27 model takes polarization effect into account in an average way, having a molecular dipole moment of 3.68 D. Besides the surface orientation of the molecules we address here questions concerning the separation and width of the subsequent subsurface molecular layers, molecular scale roughness of the liquid surface, dynamics of exchange of the molecules between the surface layer and the bulk phase, and the extent, in terms of molecular layers, to which the vicinity of the vapour phase influences the properties of liquid acetone.
The paper is organized as follows. Details of the molecular dynamics simulations and ITIM analyses performed are given in section 2. The obtained results are presented and discussed in detail in section 3, while in section 4 the main conclusions of this study are summarized.
Computational details
Molecular dynamics simulations of the liquid-vapour interface of acetone have been performed on the canonical (N,V,T) ensemble at 298 K, employing two acetone potential models that belong to the TraPPE [29] and CHARMM27 [56] force fields. The TraPPE model treats the CH 3 groups as united atoms, whilst the CHARMM27 model uses all-atom representation. The TraPPE acetone model is shown to excellently reproduce the thermodynamic properties of liquid acetone [29] and, e.g., acetone-methanol mixtures [33] , whereas the CHARMM27 potential provides the basis of a simple polarizable model, developed specifically for acetone-water mixtures [25] , which is currently the only acetone model shown to reproduce the full miscibility with water [26] .
Both acetone models describe the interaction energy of two molecules as the sum of the Lennard-Jones and charge-charge Coulomb contributions of all their atomic pairs. Thus, the interaction energy of molecules i and j is calculated as 
and
The interaction parameters of the two acetone models considered are summarised in Table 1 .
The acetone molecules have been kept rigid in the simulations, their bond lengths and bond angles have been fixed to their equilibrium values by means of the LINCS algorithm [60] . The bond length and bond angle values of the two models considered are collected in Table 2 .
The simulations have been performed by the GROMACS 4.5.5 program package [61] .
In both cases 4000 acetone molecules have been placed into the rectangular basic simulation box, the X, Y, and Z edges of which have been 200, 70 and 70 Å, respectively, in the case of the TraPPE, and 400, 50 and 50 Å, respectively, in the case of the CHARMM27 simulation, X being the axis perpendicular to the macroscopic liquid surface. Standard periodic boundary conditions have been applied, and all interactions have been truncated to zero beyond the centre-centre based cut-off distance of 15 Å. The long range part of the electrostatic interaction has been accounted for by the Particle Mesh Ewald (PME) method [62] . The equations of motion have been integrated in time steps of 2 fs. The temperature of the system has been controlled by the Nosé-Hoover thermostat [63, 64] in the case of the TraPPE, and by the Berendsen thermostat [65] in the case of the CHARMM27 simulation. including both liquid-vapour interfaces present in the basic simulation box.
Results and Discussion
First, we have calculated the surface tension, , of acetone in both of the systems simulated. Its value is resulted in 22.9 mN/m using the TraPPE potential, in an excellent agreement with the experimental value of 23.3 mN/m [66] . The surface tension of the CHARMM27 system of 19.0 mN/m turned out to be also in a reasonable agreement with the experimental value.
Density profiles
The number density profile of acetone molecules along the macroscopic interface normal axis X is shown in Figure 2 as obtained in the two systems simulated. The number density profiles of molecules constituting the first three molecular layers beneath the surface are also indicated.
The profiles obtained with the two potential models are very similar to each other.
These profiles clearly emphasize the importance of using an intrinsic method in detecting and analysing the surface of liquid acetone. As is seen, the density peak of the molecules constituting the first layer of the liquid phase extends well into the X range where the density of the system is already equal to the bulk liquid phase density, whereas the second and even the third molecular layer gives a non-negligible contribution in the X range where the density of the system is between the values characteristic of the two bulk phases. Therefore, identifying the interfacial region in the conventional, non-intrinsic way, i.e., by the X range of intermediate densities, would lead to a serious systematic error of any surface analysis, as a large fraction of the molecules would be misidentified regarding their position relative to the interface.
It is also seen that the profiles corresponding to the individual molecular layers can be very well fitted by Gaussian functions. Since the distribution of these molecules along the macroscopic surface normal axis is indeed expected to follow a Gaussian function [67] , this finding confirms the proper choice for the radius of the spherical probe used in the ITIM procedure [54, 67] .
The width parameter of the fitted Gaussian function (i.e., width at half maximum), , can serve as a measure of the broadness of the corresponding molecular layer, whereas the difference of the Gaussian peak positions, X peak , of two consecutive layers indicates how closely these layers are packed together. From the values of the surface tension, , and  one can also extract the size-independent measure of intrinsic layering, A cut , as
2 ). The value of A cut turned out to be 4.6410 3 Å and 2.3410 3 Å
for the first layer of the TraPPE and CHARMM27 systems, respectively. The  and X peak values of the fitted Gaussian functions are summarised in Table 3 . As is seen, the first layer is noticeably, by about 4-4.5% and 6-7% broader than the second and third layer, respectively, and the second layer is still, by about 2% broader than the third one. Correspondingly, the separation of the density peaks of the first and second layer, being 5.40 Å and 5.41 Å in the TraPPE and CHARMM27 systems, respectively, is about 2% larger than that of the second and third layers. All these results show that upon approaching the liquid surface the packing of the acetone molecules becomes less tight than in the bulk liquid phase. Similar, but even stronger effect was previously seen at the surface of liquid water [46] , whereas no such loosening of the packing of the molecules was observed at the vicinity of the liquid surface of dimethyl sulphoxide (DMSO) [68] . The observed less tight packing of the molecules at the interface is likely a consequence of their preferred interfacial orientation, which might not be fully compatible with the closely packed arrangement of the bulk liquid phase. This point is further investigated in a following subsection.
Surface roughness
Having the intrinsic, molecularly rugged surface of the liquid phase already identified, its molecular level roughness can also be analysed in computer simulation. However, the roughness of the liquid surface requires the use of at least two independent parameters, i.e., an amplitude-like and a frequency-like one. Previously we proposed to use the parameter pair a and , determined by fitting the function
to the simulated data, as the amplitude-like and frequency-like roughness parameters, respectively [69] . In the above equation l is the lateral distance (i.e., distance in the macroscopic plane of the surface, YZ) of two surface points, whilst d is the mean distance of two surface points, the lateral distance of which is l, along the macroscopic surface normal axis, X. Recently we have demonstrated the physical relevance of this description by showing the close relationship between the amplitude-like roughness parameter, a, and the surface tension of the system [70] .
roughness curves obtained in the first three molecular layers of the two systems simulated, together with the curves fitted to the first layer data are shown in Figure 3, whereas the values of the a and  parameters are included in Table 3 . As is seen, both of the roughness parameters are always slightly, by 2-5% larger for the CHARMM27 than for the TraPPE model. This fact is probably simply related to the different description of the methyl H atoms in the two models: contrary to the all-atom CHARMM27 model, the united atom treatment of the CH 3 groups in the TraPPE model causes a slight artificial smoothening of the molecular shape, and hence also that of the liquid surface. Further, the fact that the cross section of the two systems in the macroscopic plane of the surface, YZ, has been different, leading to a somewhat different range of the allowed capillary waves in the two cases, might also contribute to this difference. It is also seen that the first layer in both systems is found to be somewhat rougher, both in terms of frequency and amplitude than the subsequent ones, whereas the roughness of the second and third layers are much closer to each other, the second layer being slightly still rougher. Similar, and even stronger increase of the roughness of the first subsurface molecular layer with respect to the subsequent ones was previously observed at the surface of liquid water [46] , whereas no change of the layer roughness upon going farther from the interface was seen at the surface of liquid DMSO [68] . Considering the marked orientational structure of the surface layer (but lack of such structure already in the second layer) of water [46] , and the lack of marked orientational preferences at the surface of DMSO [68] , the present results suggest again that the surface acetone molecules might have rather strong orientational preferences relative to the interface. This point is analysed in detail in a following subsection.
Dynamics of exchange between the surface layer and the bulk liquid phase
The dynamics of exchange of the molecules between the interfacial layer and the bulk liquid phase can be characterised by the survival probability and mean residence time of the molecules at the surface. The survival probability L(t) is simply the probability that a molecule that belongs to the surface layer at t 0 remains at the surface up to t 0 +t. In order to distinguish between the situations when (i) a molecule only leaves the surface layer due to some oscillation, and returns immediately back, or (ii) it leaves the surface layer permanently, Table 3 . To check that the particular choice of the parameters used in the ITIM analysis did not affect the calculated survival probabilities, we have also determined the mean residence time values in the first molecular layer by abandoning the first 20 ps and the first 50 ps part of the L(t) functions, and fitting only their long time tails. The data obtained this way were consistent with the  values resulted from the fit of the entire survival probability functions.
As is seen, the two models have again given rather similar results. The continuous and intermittent residence time values in the first layer are around 16.5 and 28 ps, respectively.
These values are rather similar to those obtained at the surface of liquid DMSO [68] , but are considerably (i.e., by a factor of 2-4) larger than those obtained at the surface of neat water [44, 46] and neat methanol [44] , reflecting the slower diffusion of acetone or DMSO than water and methanol.
It is also seen that the  values obtained in the second and third molecular layers beneath the surface are always very close to the t time window used in the calculation, indicating that the exchange of the molecules between these layers and the rest of the system occurs on a considerably faster time scale than 1-2 ps. In other words, this finding reveals that, from the dynamical point of view, these layers already belong to the bulk liquid phase, and the presence of the interface affects only one single molecular layer in this respect.
Surface orientation
The orientation of a rigid body (e.g., a small molecule) relative to an external direction (e.g., the surface normal) can be completely described by the use of two angular parameters.
Therefore, a full description of the orientational statistics of the surface molecules relative to the interface requires the calculation of the bivariate joint distribution of two independent orientational variables [41, 42] . We showed that the polar angles  and  of the surface normal vector X (pointing, by our convention, from the liquid to the vapour phase) in a local
Cartesian frame fixed to the individual molecules is a proper choice of such orientational parameter pair [41, 42] . Here we define this local Cartesian frame in the following way. Axis x is the molecular normal axis, axis y is parallel with the line joining the two CH 3 groups, and axis z is the main symmetry axis of the molecule, pointing along the C=O double bond from the O to the C atom. The definition of this local Cartesian frame and of the polar angles  and  is illustrated in Figure 5 .a. It should be noted that, due to the C 2v symmetry of the acetone molecule, the above local Cartesian frame is always chosen in such a way that the inequality   90 o holds. Further, since  is the angle of two general spatial vectors, but  is formed by two vectors restricted to lay in a given plane (i.e., the xy plane of the local frame) by definition, uncorrelated orientation of the molecules with the interface results in a constant probability distribution only if cos and  are chosen to be the independent variables [41, 42] .
It has been shown several times that the local curvature of the surface might have an important influence on the orientation of the molecules [43] [44] [45] [46] [47] [48] 68, 71] . To take this effect also into account, we divided the surface layer into three separate regions, marked by A, B, and C, respectively, in the following way. Regions A and C extend from the X points where the density of the surface layer is half of its maximum value towards the vapour and bulk liquid phases, respectively, whereas region B covers the X range where the surface layer density exceeds half of its maximum value. The division of the surface layer into regions A, B and C is illustrated in Figure 5 .b. According to this definition, region A typically contains the crests of the wavy liquid surface, where the local curvature of the surface is convex, whereas region C covers the troughs of the liquid surface, which are of concave local curvature.
We have calculated the P(cos,) bivariate orientational distribution of the acetone molecules in the first three molecular layers of the liquid surface as well as in the separate regions A, B, and C of the surface layer. The obtained orientational maps (except for those corresponding to the third layer, which, similarly to those of the second layer, turned out to be practically constant) are shown in Figure 6 .
As it is seen, the obtained maps show a rather clear orientational structure. This finding is in a marked contrast with our previous result, obtained by investigating the surface orientation of the acetone molecules without performing an intrinsic surface analysis, where we found only very weak orientational preferences [40] . Although we have still obtained a continuous probability distribution for the first molecular layer, which shows high and low probability domains but no completely unpopulated ones, the width of the high probability domain of the orientational map along the cos axis is in the range of about ±30-35 o , much smaller than what was found without using intrinsic surface analysis [40] . On the other hand, the value of the high probability orientations is much less defined. of their CH 3 groups inside the liquid phase by "sacrificing" the other one and sticking it rather straight out to the vapour phase, as illustrated in Fig. 7 . However, it is clear that the orientational preferences of the CH 3 groups are of secondary importance with respect to that of the C=O groups, i.e., that they prefer to lay almost parallel with the macroscopic surface plane. Therefore, the surface orientation of the acetone molecules is clearly driven by dipolar forces.
The orientational preferences seen in the most populated region of the surface layer, B, is rather similar to that of the entire layer, and shows a combination of the preferences seen in regions A and C. It is also seen that among the two preferred alignments orientation II, i.e., when the acetone molecule stays perpendicular to the macroscopic surface plane, is clearly the dominant one both in region B and in the entire surface layer. The observed dominance of this orientation agrees very well with the experimental finding of Yeh et al. [7] , but deviates noticeably from that of Chen et al. [10] , who claimed a tilt angle of the C=O bond from the macroscopic surface normal axis of about 60 o . Finally, all orientational preferences vanish already in the second molecular layer beneath the surface. It should be noted that orientational preferences can be expected to spread over a few subsurface molecular layers in dipolar liquids due to the electric field caused by the correlated dipolar orientation of the molecules in the surface layer, such as in the case of acetonitrile [45] . However, in the present case the nearly parallel preferred alignment of the molecular dipole vector with the surface plane in the first layer does not impose a considerable electric field along the macroscopic surface normal axis, and hence does not give rise to any preferred molecular orientation from the second molecular layer on.
In bulk liquid acetone nearest neighbour molecules are known to prefer the relative alignment in which their planes are parallel, and dipole vectors are antiparallel with each other [14] . To see if the vicinity of the interface affects this relative orientational preference of the neighbours, we have also calculated the cosine distribution of the angle , formed by two near-neighbouring acetone molecules in the first three subsurface molecular layers as well as in the bulk liquid phase beneath these layers. Two molecules are regarded as near neighbours if the distance of their central C atoms does not exceed 4.5 Å, the value corresponding to one neighbour molecule on average [14] . For comparison, the calculation is repeated with the cutoff value of 5.3 Å, corresponding to the coordination number of 4 [14] . The obtained cosine distributions are shown in Figure 8 . As is seen, nearest neighbours prefer antiparallel relative dipolar alignment even at the surface of the liquid phase, and this preference is even stronger in the surface layer than beneath this layer. In this respect, the second layer already behaves again in the same way as the bulk liquid phase, thus, similarly to the roughness and width of the consecutive molecular layers, dynamics of exchange of the molecules, or interfacial orientation, the vicinity of the liquid-vapour interface affects only one molecular layer also in respect of relative orientation of the neighbouring molecules. It is also seen that when, on average, four neighbours of the molecules are considered instead of one, the obtained P(cos) distribution becomes rather flat, showing only rather small remains of its features seen with the cut-off value of 4.5 Å. This finding indicates that, similarly to the bulk liquid phase, the observed relative orientational preference affects only the first neighbour of the molecules.
The observed interfacial and relative near-neighbour orientational preferences of the surface acetone molecules are illustrated in Figure 7 .b.
Summary and Conclusions
In this paper we presented a detailed computer simulation investigation of the liquidvapour interface of acetone by means of the ITIM intrinsic surface analysing method. The obtained results clearly demonstrate the importance of identifying the true set of surface molecules, i.e., the ones that are exposed to the opposite phase, and hence analysing the real, molecularly rugged capillary wave corrugated liquid surface rather than a slab of intermediate density parallel with one of the faces of the basic box in computer simulation studies of fluid surfaces. Thus, the present analysis revealed several features of the orientational structure of the acetone surface that were not seen in earlier studies, performed without identifying the intrinsic liquid surface [7, 40] .
The main orientational preference of the surface acetone molecules relative to the macroscopic plane of the interface is found to be a perpendicular alignment, in which the C=O bond lays almost parallel with the surface plane, pointing very slightly inward by the O atom, and the line connecting the two CH 3 groups deviates by only about 5 o from the perpendicular alignment. This orientational preference clearly supports the earlier experimental results of Yeh et al. [7] rather than the subsequent claims of Chen et al. [10] .
Besides this main orientational preference another alignment, in which the entire acetone molecule lies almost parallel with the macroscopic liquid surface, pointing by about 10 o inward by the O atom, and outward by the two CH 3 groups, is found to be also preferred, in particular, at the tips of the crests of the wavy liquid surface. Similarly to the bulk liquid phase, two nearest neighbour acetone molecules prefer antiparallel dipolar relative alignment also within the surface layer.
It is also clearly demonstrated that the effect of the vicinity of the vapour phase does not extend beyond the first molecular layer of the liquid phase. Thus, the molecules in the surface layer are somewhat less densely packed than from the second layer on, leading to a broader and rougher surface layer than the consecutive subsurface ones. Orientational preferences of the molecules relative to the interface already vanish in the second subsurface molecular layer, and from the dynamical point of view, again; only the first layer beneath the liquid surface can be distinguished from the bulk liquid phase.
Finally, it should be noted that the two markedly different potential models considered here provided rather similar results in every respect. Therefore, the obtained results can safely be assumed to be free from any arbitrariness due to the particular choice of the potential model used. 
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